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repeatable experiments require a reliable and precise drop-
let generation technique.
Repeatable droplet generation is also required for a 
number of diverse applications ranging from inkjet print-
ing to liquid crystal display manufacturing (Fan et al. 
2008). A variety of droplet-on-demand (DOD) generators 
are described in the literature, but most existing designs are 
complex, costly, and difficult to adopt for use in other stud-
ies. Many systems are designed for the generation of drop-
lets smaller than 500 μm in diameter (Bransky et al. 2009; 
Reis et al. 2005; Meacham et al. 2005; Perçin and Khuri-
Yakub 2003; Cheng and Chandra 2003; Goghari and Chan-
dra 2008; Chen and Basaran 2002; Dong et al. 2006; Swit-
zer 1991), below the desired range for the walking droplet 
experiments. We here describe a simple, repeatable DOD 
system designed specifically for this range, 0.5–1.3 mm 
(Protiere et al. 2006; Molácˇek and Bush 2013).
The present device is inspired by the design of Yang 
et al. (1997) which ejects a droplet from a nozzle at the 
base of a fluid chamber by contracting a piezoelectric disk 
sealed to the top of the chamber. They used a fixed fluid 
reservoir and custom-fabricated glass nozzles. For a range 
of nozzles 125–250 μm in diameter, they found an overall 
variability in size of <10 % of the measured droplet diam-
eters (<500 μm). Their device has since been adopted for 
relatively large-scale drop (diameters >500 μm) generation 
(Mehdizadeh et al. 2004; Hawke 2006).
Castrejón-Pita et al. (2008) used a loudspeaker to actuate 
their DOD generator and fabricated interchangeable nozzle 
plates ranging from 0.15 to 3.00 mm in diameter. A fluid res-
ervoir of adjustable height allowed for control of the pressure 
at the nozzle outlet. For fixed control parameters, the device 
was stated to have an overall variability of droplet size of 
<5 %. Terwagne (2011) successfully designed and employed 
a DOD generator to produce droplets for their own bouncing 
Abstract We present the design of a piezoelectric drop-
let-on-demand generator capable of producing droplets of 
highly repeatable size ranging from 0.5 to 1.4 mm in diam-
eter. The generator is low cost and simple to fabricate. We 
demonstrate the manner in which droplet diameter can be 
controlled through variation of the piezoelectric driving 
waveform parameters, outlet pressure, and nozzle diameter.
1 Introduction
Under certain conditions, bouncing droplets on a vibrating 
fluid bath can achieve lateral propulsion across the fluid 
surface through interaction with their own wave field (Pro-
tiere et al. 2006; Molácˇek and Bush 2013). These walking 
droplets exhibit many features reminiscent of microscopic 
quantum particles (Couder and Fort 2006; Eddi et al. 2009; 
Fort et al. 2010; Harris et al. 2013; Bush 2015) and so are 
the subject of considerable interest. In early experiments, 
droplets were created by rapidly extracting a partially sub-
merged pin from a fluid bath by hand (Protiere et al. 2006). 
It is now known that the dynamical behavior of these 
droplets is strongly dependent on their size (Molácˇek and 
Bush 2013; Wind-Willassen et al. 2013). Consequently, 
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droplet experiments (Terwagne et al. 2013). Using a piezoe-
lectric disk for actuation, an air pump for pressure regulation, 
and an excimer-laser machined orifice for droplet ejection, 
they produced droplets with diameters ranging from 100 μm 
to a few millimeters with a variation in diameter of ±3 %.
We here describe a droplet generator design that aims to 
surpass existing systems in terms of affordability, simplic-
ity, and precision. The generator is capable of producing 
highly repeatable droplets with diameters in the range of 
0.5–1.4 mm with <1 % variability. All components of the 
design can be purchased for less than a few hundred dollars 
and fabricated using only manual mill and lathe equipment. 
A fluid reservoir of variable height is used for pressure reg-
ulation, and the only electrical components necessary are 
a DC power supply, Arduino board, and H-bridge circuit. 
The generator is tested with 20 cS silicone oil over a range 
of operating parameters, and the effects of these parameters 
on droplet diameter are examined.
2  Droplet generator description
The droplet generator consists of five main components: pie-
zoelectric disk, fluid chamber, nozzle, adjustable-height fluid 
reservoir, and fluid pump (Fig. 1). The piezoelectric actuator 
is a commercially available piezoelectric buzzer (CUI CEB-
35D26, diameter 35 mm, available at Digi-Key: 102-1128-
ND). To create an airtight seal between the piezoelectric 
and fluid chamber orifice, the piezoelectric is first bonded 
to the top of the fluid chamber with an RTV silicone sealant 
and then secured in place by an acrylic ring that provides a 
clamping force on the edges of the piezoelectric. The brass 
base of the piezoelectric disk is in direct contact with the 
working fluid; consequently, a pressure pulse is generated in 
the fluid chamber by the voltage-induced flexure of the disk.
The fluid chamber is a cylinder of 28.6 mm diameter 
and depth 9.7 mm bored out of an aluminum block. The 
cylindrical chamber tapers down to a tapped hole in the 
bottom of the chamber where the nozzle is attached and 
sealed to the base of the generator with an O-ring. Eight 
stainless steel nozzles ranging from 0.50 to 1.40 mm in 
outlet diameter with a 45° outer taper were machined and 
tested. The outer taper discouraged the fluid from wetting 
the outer surface of the nozzle.
The fluid pressure at the nozzle plane must be regulated 
so that a stable fluid meniscus forms at the nozzle outlet; 
specifically, the contact line of the fluid coincides with the 
lip of the nozzle outlet (Fig. 1, inset). If the fluid pressure 
is too high, fluid will drip or flow out of the nozzle con-
tinuously, and if it is too low, air will be drawn into the 
chamber.
A height-adjustable fluid reservoir is connected to the 
fluid chamber. The reservoir consists of two concentric 
cylinders 69.9 and 50.8 mm in diameter mounted onto a 
micrometer drive translation stage (Thor Labs PT1). A 
small peristaltic pump (Williamson 100 series) pumps fluid 
into the inner cylinder which overflows into the outer cylin-
der, thereby maintaining a constant fluid level in the inner 
cylinder. The height of the reservoir relative to the nozzle 
outlet determines the hydrostatic pressure at the outlet. 
Static equilibrium requires that this hydrostatic pressure be 
balanced by the capillary pressure at the outlet, determined 
by the adaptive shape of the meniscus (Fig. 1, inset). A 
range of reservoir heights, |�h| ≤ 2σ/ρga, may thus sup-
port a static equilibrium, where σ and ρ are the surface ten-
sion and density of the fluid, respectively, g is the accelera-
tion due to gravity, and a is the radius of the nozzle outlet.
All air bubbles must be eliminated from the fluid cham-
ber; otherwise, the applied pressure pulse may lead to gas 
compression rather than liquid ejection. To accomplish this, 
the generator is inverted and held at a lower height until 
fluid bleeds from the nozzle. The nozzle tip is then sealed 
with an elastic band while the chamber is restored to the 
upright position. The elastic band is then removed, and 
Fig. 1  Schematic of droplet 
generator. Inset the form of the 
static meniscus at the nozzle 
outlet depends on h, the differ-
ence between the reservoir and 
nozzle heights. As h increases, 
the fluid recedes into the nozzle. 
Stable static menisci arise for 
|�h| ≤ 2σ/ρga. The schematic 
is not drawn to scale. Technical 
drawings for all components are 
available in the supplementary 
materials
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the exterior of the nozzle dried with a lint-free cloth, again 
to discourage wetting of its outer surface. During normal 
operation, this bleeding procedure need only be performed 
once at the beginning of the experiments.
The electrical components used for driving the piezo-
electric element consist of an adjustable DC power supply 
(0–72 V), H-bridge circuit, and Arduino Uno microcon-
troller. The piezoelectric piece is driven by a square volt-
age waveform, an example of which is shown in Fig. 2. 
When not in use, the piezoelectric piece is supplied with 
a constant negative voltage. The sudden application of a 
positive voltage causes the piezoelectric piece to contract 
and generates a positive pressure pulse in the chamber that 
forces liquid through the nozzle. Reverting to a negative 
voltage causes the piezoelectric to expand and creates a 
negative pressure fluctuation that draws liquid back into 
the chamber. Under the right operating conditions, this 
sequence of expansion and contraction expels a single 
droplet from the nozzle. While studies have been done on 
the effect of driving waveform shape on droplet generation 
(Chen and Basaran 2002; Dong et al. 2006), we employ 
a square waveform in order to simplify the required 
circuitry.
Arduinos are microcontroller boards commonly used for 
rapid prototyping projects. Two digital output pins of the 
Arduino Uno are connected to an H-bridge circuit, which 
allows for the rapid reversal of the polarity of the applied 
voltage to the piezoelectric element. The two electrical 
control parameters are thus the amplitude (voltage) and the 
duration (pulse width) of the square pulse. The pulse width 
of the piezoelectric driving waveform can be controlled to 
high precision, with a resolution of 1 μs. To ensure precise 
timing, interrupts were disabled during critical portions 
of the Arduino timing code. This simple electrical system 
eliminates the need for a pulse generator (or function gen-
erator and amplifier) as is typically used in such devices 
(Yang et al. 1997; Terwagne 2011; Castrejón-Pita et al. 
2008).
3  Experimental setup
In order to assess the repeatability of the system, the drop-
let generator is placed between a 20-W LED light source 
and a high-speed camera (Phantom v5.2, macro lens, 2× 
teleconverter, tube extension). A single image is captured 
per droplet generated. The timing of the image capture is 
synchronized with the droplet generator by a trigger sig-
nal sent to the camera by the Arduino. In a typical image 
capture sequence, the Arduino triggers a voltage pulse sent 
to the piezoelectric piece, waits for a specified delay time 
(typically between 15 and 80 ms), and then triggers the 
camera system to capture an image.
After image collection, droplet diameter data are extracted 
from the images with a Canny edge detection algorithm 
in MATLAB (Canny 1986). The algorithm finds edges 
in an image by identifying local discontinuities in inten-
sity and then fits an ellipse to the detected droplet edge 
using a least-squares method. The equivalent diameter of 
the droplet in pixels is then calculated from the volume 
of the axially symmetric ellipsoid inferred from the fitted 
ellipse (Fig. 3). The diameter measurement in pixels is con-
verted to millimeters using the mm/pixel resolution calcu-
lated using a microscope calibration slide and is found to 
be 3.27± 0.02 µm/pixel. Henceforth, error bars reported 
for diameter measurements represent the combination of 
uncertainty from this calibration resolution and actual vari-
ation in droplet diameters. When the error bar is not visible, 
its extent is exceeded by the marker size.
All experiments reported below were conducted 
with the fluid used in the walking droplet experiments, 
100 % pure silicone oil of density ρ = 950 kg/m3, sur-
face tension σ = 0.0206 N/m, and kinematic viscosity 
ν = 20.9± 0.1 cSt. We can assess the relative influence 
of viscous and capillary forces by the Ohnesorge number: 
Oh =
µ
√
σRnρ
 where µ = ρν is the dynamic viscosity of 
the fluid and Rn is the radius of the nozzle. For the present 
experiments, 0.16 < Oh < 0.28, indicating that viscosity 
has a relatively minor dynamical influence. We thus expect 
the trends reported here to hold for fluids of comparable or 
lower viscosities. At least 2500 images are captured and 
analyzed for each diameter measurement presented in the 
following sections. Droplets are generated at a frequency 
of 5 Hz. Below approximately 10 Hz, the droplet size was 
independent of the driving frequency. The generator can 
thus be operated at arbitrarily slow generation rates (in true 
DOD mode) without change of behavior or performance.
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Fig. 2  Example of a typical waveform used to drive the piezoelectric 
element
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4  Results
For a given nozzle, a range of parameters exist for which 
a single droplet is ejected. Previous studies have shown 
that the size and behavior of ejected droplets depend on the 
pulse width and voltage of the piezoelectric driving wave-
form (Fan et al. 2008; Reis et al. 2005; Shin et al. 2011; 
Tsai and Hwang 2008). Figure 4 shows the changing sys-
tem behavior as the pulse width is increased. In Fig. 4a, 
the pulse width is too short for droplet generation to occur. 
With an increased pulse width (Fig. 4b), a single droplet is 
successfully generated. When the pulse width is increased 
further, a secondary droplet pinches off from the tail of 
the primary droplet (Fig. 4c). In general, a range of pulse 
widths exists for which a single droplet is formed.
Figure 5a shows that when other control parameters 
are fixed, the ejected droplet diameter tends to increase 
with increasing pulse width. For a pulse width of 380 μs, 
the measured droplet diameter achieves its minimum: 
No droplet generation occurs below this limit. Above the 
upper pulse width limit of 540 μs, satellite droplet forma-
tion occurs. Between these limits, a single droplet is gen-
erated. If the pulse width is held fixed, the voltage can be 
used as the primary control parameter (Fig. 5b). Upper 
and lower voltage limits then exist, above which satellite 
droplets form and below which no droplets are generated, 
respectively.
To explore the influence of the nozzle outlet pressure, 
drop diameter measurements were taken over a range of 
equilibrium fluid reservoir heights, for which there was 
no dripping or air intake. We denote by h the difference 
between the reservoir height and nozzle plane: h = 0 
when the reservoir surface is aligned with the nozzle outlet 
(a) (b) (c)
Lx
Ly
Fig. 3  a Typical droplet photo prior to image processing for diam-
eter inference. b Fitted ellipse from edge detection. c Principal axes 
of ellipse used to calculate the volume of the ellipsoid assuming axial 
symmetry about the vertical axis. The equivalent droplet diameter is 
calculated from this ellipsoid volume
(a)
(b)
(c)
Fig. 4  Dependence of droplet generation on pulse width for the 
same nozzle diameter (1.40 mm) and applied voltage (30 V). a No 
droplet is generated with a 460-μs pulse width. b A single droplet is 
generated with a 660-μs pulse width. c Multiple droplets are gener-
ated with a 850-μs pulse width. Neighboring images are separated by 
1 ms
D
ro
pl
et
 d
ia
m
et
er
 (m
m
)
Pulse width )V( egatloV)sμ( ∆ h (mm)
400 440 480 520
0.78
0.80
0.82
0.84
0.86
0.88
0.90
0.92
0.94
26 28 30 32 34 −8 −6 −4 −2 0 2
(a) (b) (c)
Fig. 5  Influence of electrical control parameters on droplet diameter 
with a 0.90-mm diameter nozzle. a Effect of pulse width variation 
with amplitude 30 V and reservoir height h = 0. b Effect of voltage 
amplitude with 460 μs pulse width and h = 0. c Effect of reservoir 
height with pulse amplitude of 30 V and pulse width of 460 μs
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(Fig. 1). Figure 5c shows the dependence of droplet diam-
eter on h for a fixed voltage and pulse width.
To compare the operation of the generator with and without 
the pump, 5000 droplets were generated while the pump was 
running, and 5000 more with the pump turned off. A com-
parison of the droplet diameters in Fig. 6 indicates a steady 
decrease in droplet diameter without the use of the pump. This 
dependence is consistent with that on reservoir height. The 
decrease in measured diameter is <2 % after 5000 droplets. 
The pump is thus unnecessary for applications requiring only 
a small number of droplets. Increasing the diameter of the 
fluid reservoir would also minimize this effect.
Eight different nozzles ranging from 0.50 to 1.40 mm in 
diameter were fabricated and tested with the droplet gen-
erator. The upper and lower pulse width limits at a fixed 
voltage were measured for each nozzle and are reported 
in Fig. 7a. Droplet diameter measurements taken at these 
limits, reported in Fig. 7b, represent the largest and small-
est achievable droplets for a given nozzle. While the drop-
let diameter is roughly determined by the nozzle diam-
eter (Chen and Basaran 2002), variation of the pulse width 
allows for a range of droplet sizes to be produced with a 
given nozzle.
Our results indicate that the generation process is highly 
repeatable for a single run. Diameter measurements of over 
2500 droplets generated with the same operating parame-
ters have variations of <0.5 %. Another relevant diagnostic 
for laboratory used is the day-to-day repeatability, the sys-
tem’s robustness to disturbance. To assess this diagnostic, 
an air bubble was intentionally introduced into the fluid 
chamber and removed using the bleeding procedure. This 
process was repeated multiple times with diameter data 
taken after each trial, and the results are shown in Fig. 8. 
Even with such disturbances, the variation in droplet diam-
eter across multiple trials is still within ±1 %. This addi-
tional uncertainty may be caused by slight differences in 
the pinning of the contact line at the nozzle outlet after the 
exterior of the nozzle is dried, or minor variations in the 
image calibration (mm/pixel) between runs.
5  Conclusion and recommendations
We have presented and evaluated the potential of a simple 
piezoelectric droplet generator designed for use in experi-
mental studies of walking droplets. The droplet size is 
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Fig. 6  Comparison of droplet generation with and without the peri-
staltic pump that replenishes the reservoir. Without the pump, the 
droplet diameter steadily decreases as the fluid in the reservoir is 
depleted. Data are obtained for the 0.90-mm diameter nozzle, voltage 
of 30 V, and pulse width of 460 µs
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Fig. 7  a Upper and lower curves represent the upper and lower pulse 
width limits for single droplet generation from nozzles with different 
diameters with a fixed voltage (30 V) and reservoir height (h = 0). 
b Droplet diameters for each nozzle evaluated at upper and lower 
pulse width limits
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roughly prescribed by the nozzle diameter; nevertheless, a 
range of droplet sizes can be generated through variation 
of either the pulse width, voltage, or reservoir height. For 
a single run, droplet diameters are repeatable to within ±
0.5 %, while the day-to-day variation in droplet diameter is 
approximately ±1 %. This droplet generator is simpler than 
its predecessors, but still achieves satisfactorily repeatable 
results. The generator is low cost and simple to manufac-
ture. All necessary components of the present design can 
be purchased for less than a few hundred dollars. A rede-
sign of the generator for fabrication via rapid prototyping 
techniques such as 3D printing could further lower the 
manufacturing cost.
The high repeatability and range of droplet diameters 
producible from this generator design make it an excellent 
candidate for use in walking droplet experiments. To avoid 
coalescence in depositing the droplets onto the vibrating 
bath, we direct the droplets down a curved surface pre-
wetted by a thin layer of silicone oil applied with a brush 
(Gilet and Bush 2012) as shown in Fig. 9. The drops thus 
impact the bath surface at an acute angle, thereby skipping 
and rolling before settling into a stable bouncing or walk-
ing state. Multiple bouncing droplets created in this fash-
ion can self-organize into stable lattice arrangements (Eddi 
et al. 2009) as demonstrated in Fig. 10.
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